We have studied the influence of III/N flux ratio and growth temperature on structural and optical properties of high Al-content, around 50-60%, AlGaN alloy layers grown by plasma-assisted molecular beam epitaxy. In a first part, based on structural analysis by Rutherford Backscattering Spectroscopy, we establish that a III/N flux ratio slightly above 1 produces layers with low amount of structural defects. In a second part, we study the effect of growth temperature on structural and optical properties of layers grown with previously determined optimal III/N flux ratio. We find that optimal growth temperatures for Al 0:50 Ga 0:50 N layers with compositional homogeneity related with narrow UV photoluminescence properties are in the low temperature range for growing GaN layers, i.e., C. We propose that lowering Ga adatom diffusion on the surface favors random incorporation of both Ga and Al adatoms on wurtzite crystallographic sites leading to the formation of an homogeneous alloy.
Introduction
The current interest in UV light emitting diodes (LED) is strongly driven by applications. This statement is particularly true for the UV-C range (4.3-6.2 eV/200-290 nm) due to the high bactericidal potential of photons in this wavelength range. However, the control of efficient UV LED growth still remains challenging due to several difficulties which have been recently reviewed. 1) In the case of UV-C emission, growth control of Al x Ga 1Àx N/ Al y Ga 1Ày N heterostructures is required. Such heterostructures provide a certain degree of freedom since, for a given barrier composition, quantum well (QW) emission can be tuned either by its composition or by its thickness. However, thin QWs are generally preferred to minimize the effect of the internal electric field. Accordingly, LED emitting around 255 nm have already been reported with active layers composed of a few nm thick Al 0:6 Ga 0:4 N multi-quantum wells (MQWs) between thicker AlGaN barriers with Al contents ranging from 0.75 to 0.65. [2] [3] [4] As a matter of fact, emission in this region of the optical spectrum requires high Al content AlGaN layers for both QWs and barriers (in the 0.5-0.8 range). Therefore, mastering of AlGaN nitride ternary alloys is of tremendous importance for the properties of such UV light emitting devices. Related to this statement, a practical challenge to overcome in order to grow efficient UV LEDs is to control the crystallographic quality of the barriers and QWs.
Control of the structural properties of such nitride ternary alloys is not straightforward since dislocation density in nitride binary alloys, i.e., GaN and AlN, is correlated to grain size and, consequently, to adatom mobility. 5) For instance, for a growth temperature of about 1050-1100 C, metal organic vapor deposition (MOCVD) GaN layers exhibit a dislocation density typically ranging in the 10 8 /cm 2 whereas AlN grown at the same temperature presents a far higher dislocation density, about 10 10 /cm 2 . The question then arises to determine what should be the optimal growth temperature for Al-rich AlGaN due to potential alloy inhomogeneities or defects coming from the difference between Ga and Al adatom mean free paths. In addition, whatever the growth temperature, the differences in mean free path and strain between Al-and Ga-rich regions are expected to favour phase separation. 6, 7) This does not only hold for MOCVD growth process but also for molecular beam epitaxy (MBE) since the typical growth temperatures in this technique, i.e., 750-850 C, correspond to relatively high Ga mobility on the surface, but almost no Al diffusion.
In previous studies, the growth conditions generally used for Al x Ga 1Àx N with low Al-content grown by plasma-assisted (PA) MBE were slightly Ga-rich conditions combined with substrate temperature above 750 C. 8) It is well known that, in the case of binary alloy (GaN or AlN) as well as for AlGaN ternary layers with low Al-content, such conditions produce samples with atomically smooth surface whereas N-rich conditions and moderate growth temperatures lead to rough surfaces. 9) For higher Al-contents (0:4 < x < 0:6), it has been shown by Jmerick et al. that layers with smooth surfaces were obtained for a growth temperature of 700-710 C and metal-rich flux ratio. 10) They also noticed that such growth condition lead to more homogeneous layers, 11) as compared to inhomogeneous layers with three dimensional morphology elaborated by Sampath et al. in N-rich growth conditions. 12) One goal of this article is to address systematically the issue of growth conditions on alloy homogeneity in the case of Al x Ga 1Àx N layers with high Al-content around 50% elaborated by PA-MBE. As adatom mobility can be modified either by growth temperature or by tuning the III/N flux ratio, the role of both parameters has been investigated by means of structural and optical characterizations of several samples.
Indeed, we will show that in PA-MBE the requirements for growing Al-rich AlGaN with reduced composition fluctuations characteristic of an homogeneous alloy correspond to slightly Ga-rich conditions and substrate temperatures around 650 C.
Experimental Methods
The AlGaN layers have been grown by PA-MBE on 1-m-thick AlN on sapphire (0001) pseudo-substrates (commercial DOWA substrates). Active nitrogen was supplied by a radiofrequency plasma source with a plasma power of 350 W, which leads to a growth rate of 0.25 ML/s at stoichiometry, i.e., around 220 nm per hour. Active N flux was kept constant from sample to sample. Metallic species were provided by Knudsen cells. Before growth, substrates were chemically cleaned by a standard method and outgassed at 700
C. An AlN buffer layer grown at high temperature was first deposited under Al-rich conditions before further growth of 0.3-0.4 m thick AlGaN layers. It has to be noted that GaN substrates were not chosen because of the larger lattice mismatch with Al-rich AlGaN and because they are detrimental to photoluminescence (PL) and absorption experiments. The growth morphology of the layers has been followed in situ by reflection high energy electron diffraction (RHEED). III/N flux ratios were determined by RHEED oscillation calibrations at moderate growth temperature for GaN (around 700 C) and high temperature for AlN (around 750 C). In order to investigate the role of III/N flux ratio and growth temperature on the structural and optical properties of Al-rich AlGaN, we have grown and analyzed two series of AlGaN samples with different growth conditions. The growth conditions of the first series are described in Table I . These samples allowed us to investigate the influence of III/N flux ratio on structural properties of Al 0:50 Ga 0:50 N. The second series consists of nine Al 0:55 Ga 0:45 N layers grown at various growth temperatures, ranging from 540 C to 760 C, using an optimized III/N flux ratio of 1.08. It was realized to compare the influence of growth temperature on structural and optical properties of AlGaN.
Structural properties of AlGaN layers were analyzed by Rutherford backscattering spectrometry/channelling (RBS/C). These measurements were performed using a 2 MeV particle beam, a two-axis goniometer and two detectors mounted at backscattering angles of 140 and 180 . We used a channelling configuration with alignment along the h0001i axis in order to quantitatively measure the alloy crystal quality. Random spectra were taken by tilting the sample away from the aligned position by 5 and rotating it during the measurement. In particular, we have determined the minimum yield ( min ) for Ga close to the sample surface for all samples. This value is related to the amount of interstitial crystallographic defects in the material and is defined as the ratio between the backscattering yields of the aligned and random spectra. Small minimum yield is thus correlated with low structural defect density. The random spectra have been fitted using the NDF code to determine compositions and layer thicknesses. 13) Additional structural analysis has been performed with a three-axis high resolution X-ray diffraction (HRXRD) setup using a Ge(220) four-bounce monochromator in front of a beam concentrator. Furthermore, Sollers slits or a Ge(220) two-bounce analyzer were used in front of the detector.
Surface roughness of the grown layers was analyzed by atomic force microscopy (AFM). AFM micrographs in tapping mode have also been realized. Root mean square measurements (RMS) have been performed with WSxM software on 5 Â 5 m 2 images. 14) A continuous decrease of the RMS values, down to 1.9 nm, is observed when decreasing the growth temperature from 760 to 600 C. No RMS values could be extracted for the samples grown at temperature lower than 600 C because of the presence of a high content of Ga droplets on the surface, due to the very low Ga desorption. For substrate temperature above 720 C, we can attribute the strong surface roughness (RMS > 10 nm) to increased Ga desorption resulting into N-rich growth conditions. For substrate temperature below 680 C, we can observe hillocks nucleated around dislocations. Such hillocks have already been observed in GaN 15) and in InGaN 16) and have been related to enhanced Ga diffusion under Ga-rich conditions. 17) In the present case of AlGaN, it is suggested that the presence of hillocks is associated with Ga accumulation, in slightly Ga-rich conditions. Finally, for very low substrate temperature (below 650 C) and concomitantly very low desorption rate, we observe the presence of metal droplets on the surface.
Optical properties of AlGaN were investigated by optical absorption and PL spectroscopies. Optical transmission experiments were performed at room temperature. A high pressure xenon lamp filtered by a double monochromator was shone on the sample. The filtered light was tuned from 230 to 380 nm with a 1 nm pitch. The light transmitted across the sample was detected by a photon counting photomultiplier. The transmission spectra were then normalized by the spectrum obtained with no sample in the light path.
UV emissions have been analyzed with a macro-PL setup. The excitation source was a continuous frequency-doubled argon laser at 244 nm (5.08 eV). The signal was dispersed in a 460 mm focal length monochromator equipped with a 600 grooves/mm grating and detected by a nitrogen-cooled charge-coupled device (CCD) camera. Samples were mounted in a He-flow cryostat offering the possibility to adjust the temperature from 4 K to room temperature (RT).
Results

Structural properties 3.1.1 Influence of III/N flux ratio
Reports dealing with the influence of III/N flux ratio on crystallographic structure and surface morphology of III-N ternary alloys are scarce in literature. 18) Thus, in order to determine the optimum III/N flux ratio for Al-rich AlGaN layers grown by PA-MBE, we have analyzed the structural properties of the first series of samples (Table I) grown with three different III/N flux ratios: under N-rich conditions, i.e., with III=N < 1; under metal-rich conditions, i.e., with III=N > 1; and at stoichiometry. The metal flux of Ga (Al) was determined by measuring RHEED oscillations on GaN (AlN) layers homoepitaxially grown on GaN and AlN MOCVD templates, respectively. In addition, it is worth mentioning that the effects of growth temperature on Ga desorption were neglected for the determination of III/N ratio from RHEED oscillations, as well as the differences between Al-N and Ga-N bonds on incorporation probabilities during the formation of AlGaN ternary alloys. We have thus focused our attention on metal/N ratios values in the 0.8-1.2 range for samples grown at a medium substrate temperature (around 700 C) in order to limit Ga desorption. It has to be stressed out that the Al/Ga ratio was kept constant from sample to sample.
The RBS/C results for these AlGaN samples are presented in Table I . We measured a minimum yield ( min ) of 3% for the samples grown under N-rich conditions and at stoichiometry, whereas the sample grown under Ga-rich conditions shows a poorer value, with a min of 8%. Figure 1 shows RBS/C random and aligned spectra for the sample grown at stoichiometry. As expected, the backscattering yield in the aligned configuration is strongly reduced as compared to the random configuration, which indicates marked channelling effect. The min of 3% in the energy window corresponding to Ga atoms close to the surface reveals the excellent crystal quality of the alloy film. As a further indication of structural quality, a surface peak is clearly seen in the aligned spectrum. It can be emphasized that the measured min value of a few percents is comparable to what is already reported for the best AlGaN layers grown by MOCVD. Indeed, Schowalter et al. have measured min of 2.2% for a-plane Al 0:50 Ga 0:50 N whereas a min of 2.7% has been reported for c-plane Al 0:42 Ga 0:58 N thick films grown on GaN. 19, 20) These values have to be compared with min values of 1.5%, for a-plane AlN and 1.4% for c-plane GaN reported for layers grown by MOCVD. 19) From our RBS/C minimum yield measurements, it can be partially concluded that Al 0:50 Ga 0:50 N crystal layers with best structural quality are grown under a III/N flux ratio between 0.85 and 1.
Influence of growth temperature
As growth temperature is expected to have a significant influence on crystal quality, we have grown a series of samples with substrate temperatures ranging from 540 to
760
C. Based on the above results on III/N flux ratio influence, we have chosen to use a III/N flux ratio close to stoichiometry. It has to be noted that sample grown at highest temperature show characteristic features of N-rich growth conditions, notably a large surface roughness. We have analyzed these samples in RBS/C and we have determined their min values and their Al content (Fig. 2) . It is interesting to note that the measured Al molar fraction for growth temperature between 680 and 760 C, around 50-60%, is slightly increasing with growth temperature, which is due to enhanced Ga desorption at high temperature. Concerning the min values, we can clearly observe a decrease when decreasing growth temperature from 760 to 650-680 C while it is increasing again for substrate temperatures below 650 C. In particular, for substrate temperatures around 660-680 C, we report a min value of 5%, which is a clear indication of a good crystalline quality. For substrate temperatures above 750 C and below 620 C, min values are larger than 20%, indicating a degradation of the crystalline structure. More specifically, we measured min values up to 75% at 540 C, which is related to a very bad crystalline quality that may be due to the limited diffusion of both metallic species under these low growth temperature conditions. Based on the above experimental data, it can be concluded that the best crystalline quality for Al 0:50 Ga 0:50 N layers is obtained for III/N flux ratio around 1 and substrate temperatures around 650-680 C. Interestingly, this temperature lies in the lower limit of optimal growth temperature range of GaN by MBE (650-750 C), the upper value being limited by the decomposition rate of the deposited material. 21, 22) It is remarkable that although the optimal growth temperature range for AlN is expected to be higher than for GaN due to the higher decomposition temperature of AlN, the optimum growth temperature for Al 0:50 Ga 0:50 N is smaller than the one for each binary alloys.
Additionally, structural quality has also been investigated by HRXRD full width at half maximum (FWHM) measurements on the symmetric 0002 reflection. It has to be noticed that AlGaN !-2 peaks show asymmetry which can be related to partial strain relaxation. Ternary AlGaN layers with h0001i orientation have by nature columnar grain structure which exhibits tilted and twisted misorientations. Relatively large values of FWHM for symmetric !-2 scans are related with intrinsic alloy disorder, i.e., the stochastic occupation of a sublattice site by an atom of Ga or Al. Symmetric !-scans FWHM are related with columnar tilt, correlated with the density of screw and mixed dislocations. 23) Table II summarizes FWHM of !-2 and ! scans on symmetric 0002 reflection for two samples: one grown in N-rich growth conditions due to high growth temperature at 760 C, the other one at optimized growth conditions (T S ¼ 670 C), as well as values from literature. [24] [25] [26] [27] [28] [29] It has to be noticed that crystalline quality as measured by HRXRD is strongly dependent on the quality of the substrate, the strain state and the growth method used.
For the sample grown at 670 C in slightly Ga-rich growth conditions, we report value of 630 arcsec for rocking scan on the 0002 reflection. This value is remarkably close to the ones reported in Table II for AlGaN layers with similar Al content grown by PA-MBE 24) and MOCVD. 26) In summary, by contrast to what could be expected by a naive extrapolation of optimal growth conditions for GaN and AlN, we have determined from RBS/C measurements that optimal growth conditions for Al 0:50 Ga 0:50 N in terms of alloy homogeneity are obtained for near stoichiometry conditions and a substrate temperature around 660 C.
Optical properties
Absorption and emission properties of the Al 0:50 Ga 0:50 N samples grown at different growth temperatures and under a III/N flux ratio of 1.08 have been studied by means of optical absorption and PL spectroscopies. As a first step, we have recorded RT optical absorption spectra of these samples (not shown here). For all samples, we have observed a clear absorption edge at 4.6-4.75 eV (260-270 nm) which can be correlated to the expected band gap of AlGaN containing 50% of Al and consistent with the RBS measurements reported above. 30) The absorption spectra have also been compared to the PL spectra in order to unambiguously identify the PL emission as near band edge (NBE) emissions. Figure 3 shows the PL spectra recorded at 7 K. For growth temperatures below 700 C, the PL spectra are dominated by NBE emission around 4.4 eV (280 nm). Above 700 C, we can observe the apparition of a shouldering at lower energy ($4:1 eV) and an additional band around 3.7 eV. This shouldering can be tentatively assigned to NBE emission of other AlGaN phases and the additional band to defects or impurity bands. 31, 32) The clear asymmetric shape toward low energy of samples grown above 700 C could be related to localized exciton states.
In Fig. 4 , we observe that the FWHM of the NBE signals changes with growth temperature. Interestingly, the FWHM clearly narrows with decreasing substrate temperatures until 600 C and then widens while further lowering temperature. For a growth temperature of 600 C, we report a narrowest FWHM value of 64 meV. In addition, we can mention that we observed a decrease of PL intensity emissions for samples grown below 650 C. Then, consistent with the fact that a narrow NBE FWHM is a sign of a high degree of Normalized intensity (arb.unit) Energy (eV) Wavelength (nm) crystal homogeneity and that high intensity PL signals are observed in good crystalline quality alloys, it appears that the best emission properties are obtained for the AlGaN layers grown around 650 C, which is in good agreement with the structural results.
As for the PL spectra of the samples grown at temperatures lower than 700 C, we can notice that the energy positions of the NBE signals slightly decrease with decreasing substrate temperature. This is assigned to a decrease of AlGaN bandgap with lower substrate temperature, which is confirmed by the variation of the optical absorption edge which is a better measurement of the band gap value of the ternary alloy. This is consistent with a slight increase of the Ga content in the AlGaN alloys at lower substrate temperature, as confirmed by RBS compositional analysis.
The combined analysis of absorption and PL results can bring more insight on the homogeneity of the AlGaN alloy. Figure 5 shows the variation of the Stokes shift (energy difference between the absorption edge and the PL peak) as a function of growth temperature. In order to take into account the increase of AlGaN bandgap with temperature between 7 and 300 K, all absorption measurements have been corrected by an energy shift of 65 meV. 33) As a matter of fact, Stokes shift in ternary alloys is a well known measure of the energy difference between localized states with low Al content and extended states which reflect the average Al content. 34) As localization in III-N materials can occur at the nanometer scale, often not directly accessible by structural characterization, the optical measure of the Stokes shift can be seen as a probe of ternary alloy potential fluctuations. In the present case, we observe that when increasing the growth temperature from 670 to 725 C, the Stokes shift increases considerably, thus showing that the short-scale composition fluctuations are accentuated at higher temperature, in line with the RBS measurements. Sample grown at 760 C in N-rich conditions exhibits stronger Stokes shift, consistent with the presence of nanometer scale compositional inhomogeneities. 35) 
Discussion
From structural and optical analysis of AlGaN samples reported above, it can be concluded that optimum growth conditions for Al 0:50 Ga 0:50 N layers correspond to a III/N flux ratio around 1 and a substrate temperature around 650 C. Indeed, III/N flux ratio has already been identified as a key parameter for growing high quality GaN and AlN layers by PA-MBE. In both cases, assuming that growth temperature is high enough to promote adatom diffusion, good surface and crystallographic qualities are obtained with an excess of Ga/Al on the growth front (Ga/N, Al=N > 1). Theoretical calculations as well as experiments show that, in this case, metallic Ga/Al adlayers are stabilized on the surface. 36, 37) This metallic excess acts as a surfactant on the surface and improves the Ga/Al adatom diffusion. Good AlN quality is thus related to Al adatom diffusion which can be improved by using Al-rich growth conditions and high growth temperature (i.e., 750-850 C). A similar mechanism has been observed in the case of GaN, with the formation of a metallic Ga bilayer on the growth front, which acts as a channel for N adatom diffusion. 36) Nevertheless, due to the high desorption rate of Ga at temperature above 750 C, growth has to be performed at lower temperatures than for AlN, i.e., below 750 C. In the case of AlGaN growth, the hypothetical existence of a stable adlayer has not been established. In the absence of metallic adlayer, it is expected that the growth window between a regime with Ga accumulation on the surface and N-rich growth condition is very narrow, making growth difficult in a steady state regime. As a matter of fact, this is consistent with the experimental observation that a change of only a few degrees of the Ga cell temperature is sufficient to switch from one regime to another. Interestingly, for Alrich AlGaN material, it has been found by Bhattacharyya et al. that metal-rich conditions are associated with compositional inhomogeneities leading to an increase of the PL FWHM. 6) In addition, it has to be emphasized that the growth temperature chosen by these authors was in the range of 750-800 C 6, 38) which, based on our results, is expected to have a negative impact on PL FWHM. In summary, we have established that AlGaN layers with good compositional homogeneities are obtained by using III/N flux ratio close to stoichiometry and low growth temperatures in order to decrease adatom diffusion while promoting random incorporation of Al and Ga. Along these lines, theoretical studies by Albrecht et al. have shown that, by contrast, ordered structures are kinetically driven for Al 50 Ga 50 N alloys: high substrate temperature enhances adatom diffusion to step edges or vicinal facets. These authors have also shown that such chemical ordering leads to an increase of the cathodoluminescence FWHM as well as to a redshift of the luminescence. 39) Furthermore, an additional carrier localization mechanism without ordering (designated as NCIs for nanoscale compositional inhomogeneities) has been proposed. 12, 40) Such a mechanism could possibly occur in AlGaN films grown at high temperature with III/N flux ratio below unity. 12) Then, it can be postulated that low growth temperature for AlGaN is associated to the formation of an ''ideally'' random alloy, while limiting possible Al or Ga segregation. However, on one hand growth temperature cannot be arbitrarily decreased below a value which would result in insufficient adatom diffusion. Indeed an increase of the min values is observed for temperatures below 620 C, possibly due to interstitial Al/Ga, dislocations or point defect clusters. On the other hand, growth temperature under 700 C may lead to Ga droplet formation on the AlGaN surface due to unsufficient Ga evaporation during growth, 41) further emphasizing the sharpness of the growth window between metal-and N-rich growth conditions.
Concerning optical results, our best sample showing a FWHM of 64 meV for Al-content of 58% is expected to present a high degree of compositional disorder, i.e., a high degree of alloy homogeneity, as the prediction for a completely homogeneous alloy with similar Al-content is about 40 meV. [42] [43] [44] It is interesting to notice that Nam et al. report FWHM of 50 and 55 meV for AlGaN alloy grown by MOCVD with Al content of 50 and 70%, respectively. 45) Our AlGaN layers grown under optimized conditions by PA-MBE have FWHM comparable to these state of the art AlGaN layers and are approaching theoretical PL properties of random AlGaN alloys. 44, 46) Interestingly, it should be noted that in the somewhat different case of metal organic vapor phase epitaxy, ''low'' growth temperature has been found to decrease adatom mobilities and to increase alloy homogeneity. 47) Furthermore, linewidth emission from GaN/AlGaN QW was found to be narrowed, which was assigned to reduced Al-content fluctuations, as a clue that such a fluctuation reduction is essential to optimized AlGaNbased heterostructures growth, consistent with results introduced in the present article.
Conclusions
In conclusion, we have shown that surface morphology and composition homogeneity as well as optical properties of Al 0:50 Ga 0:50 N grown by PA-MBE are highly sensitive to growth conditions, and more specifically to III/N flux ratio and growth temperature. Based on structural and optical characterizations, we have pointed out that homogeneous Al 0:50 Ga 0:50 N alloys can be grown with III/N flux ratio close to unity and growth temperatures in the range 650-680 C.
Such growth temperature is in the low temperature range of typical growth conditions for GaN layers and far below typical AlN growth temperature. We postulate that, for growing homogeneous AlGaN alloys, limited Ga adatom diffusion induced by the low growth temperature favors random incorporation on the growth front of both metallic species, whereas high Ga or Al diffusion is required to optimize binary alloys growth. For such Al 0:50 Ga 0:50 N grown under optimized growth conditions, we report a good crystalline quality with low surface roughness and narrow UV PL emission lines. These results concerning Al-rich alloys grown by PA-MBE open new insights for the optimization of Al x Ga 1Àx N/Al y Ga 1Ày N heterostructures and for deep UV LED realization.
